Abstract: Electron Paramagnetic Resonance (EPR) is a technique devoted to the identification and characterization of paramagnetic species, i.e. chemical species with unpaired electrons. Very common paramagnetic species which can be detected through EPR in historic paper are Fe(III), Mn(II), Cu(II) ions and radicals, where Fe(III), Cu(II) and radicals play a relevant role in paper degradation. Specifically, Fe(III) is almost ubiquitous in historic paper. Here we propose an overview of the EPR signals in historic and artificially aged paper, and in particular, we would like to show how a deep analysis of EPR signals from paper could provide useful information about the paper's origin and unique indications of the degradation and oxidation level of the paper.
Introduction
Many spectroscopic methods have been used to investigate paper composition and degradation, especially for cultural heritage items, because of the combination of low impact and quick analysis, which are typical of the spectroscopic techniques. The most widespread ones are Infrared (IR), Raman and UV/Vis (Calvini and Gorassini 2002; Calvini and Silveira 2008; Łojewski et al. 2010a; Ali et al. 2001; Bicchieri et al. 2006; Łojewska et al. 2007; Łojewski et al. 2010b; Bellot-Gurlet et al. 2006; Mosini et al. 1990 ). Electron Paramagnetic Resonance (EPR, also called ESR, Electron Spin Resonance) has a special place among these spectroscopic tools, as it can detect traces of the paramagnetic species involved in the degradation processes, such as paramagnetic metal ions and organic radicals (Capitani et al. 1998; Attanasio et al. 1997; Capitani et al. 1996; Attanasio et al. 1995a Attanasio et al. , 1995b Zoleo et al. 2009; Zoleo et al. 2010) . Organic radicals have been clearly detected in acid sized wood pulp paper, new and artificially aged. They have been attributed to lignin radicals in new wood-pulp paper and peroxy radicals in aged wood-pulp paper (Attanasio et al. 1997) . Weak signals of organic radicals have been detected in some historic rag pulp papers (Zoleo et al. 2009 ), but their attribution is difficult due to the weak intensity and the overlap with many other signals. Fe(III), Mn(II) and Cu(II) are the most common ions, which one can detect through EPR in historic paper. This is noticeable, since Fe(III) and Cu(II) are known to be powerful catalysts of both hydrolytic and oxidative degradation reactions. Particularly, Fe(III) EPR signals are ubiquitous in historic papers, and it has been shown that specific features of its signals can be related to the level of degradation (Attanasio et al. 1997; Attanasio et al. 1995a Attanasio et al. , 1995b Zoleo et al. 2010) . However, to the best of our knowledge, no specific investigations of Fe(III) EPR signals in paper have been performed so far. In this work, a general overview of EPR spectra in historic paper is presented, discussing the different observed signals and the information they can provide. Furthermore, the EPR spectra of paper fragments treated with different amounts of iron and after artificial oxidative and thermal degradation are presented and discussed.
Materials and methods

Overview of the technique
EPR (electron paramagnetic resonance), also called ESR (electron spin resonance), detects species containing one or more unpaired electrons (paramagnetic centres), which include transition metal ions (Cu(II), Mn(II), Fe(III), Co(II), etc.), radicals, defects in solids and photo-excited paramagnetic states. For the simple case of a single unpaired electron, two electron spin states are possible: up and down. The spin states acquire different energy levels in a magnetic field (two spin levels): the separation energy between the two levels is directly proportional to the magnetic field through a specific factor, called g-factor, depending on the species and on the orientation of the species with respect to the applied magnetic field. In the EPR experiment, the sample (which is normally located in a quartz tube as sample holder) is placed in a magnetic field and continuously irradiated at a constant frequency. The magnetic field is swept from low to high values, so that the level separation energy of spins up and down is progressively increased, until this energy difference matches a specific value (resonance condition). When the resonance condition is fulfilled, radiation is absorbed, resulting in an EPR absorption line at a specific magnetic field, called resonance field, for a species in a specific orientation. Commonly, a sample does not consist of paramagnetic species oriented all in the same direction in the magnetic field, and there are two possible cases. If the species are in solution, they continuously change their orientation, and this motion brings about a dynamical averaging, leading to an average g-value, which is the same for all the species: a single line is observed. If the species are in condensed phase (e.g. frozen solutions or embedded in a matrix), the resulting spectrum will be the overlap of signals coming from each species in different orientation, with different g-factor and therefore different resonant field. In this latter case, an envelope is obtained.
Further information derives from the possible magnetic interaction between the unpaired electron(s) and nearby spin-bearing nuclei (e.g., . This is called hyperfine interaction and it splits a single EPR line in 2I + 1 equally intense lines, where I is the nuclear spin quantum number of the coupled nucleus. The distance between two nearby lines is called hyperfine coupling constant and, like the g-factor, is orientation-dependent. For example, for the interaction of the unpaired electron with a single proton (I = 1/2), two lines are expected, i.e. 2I + 1 = 2*(1/2) + 1 = 2. In the EPR spectra, because of instrumental reasons, a single line looks like the one shown in the trace (d) of Scheme 1, with a positive and a negative part. The peak-to-peak line width is the distance between the maximum and the minimum of this line. The interested reader can find more information on the principles, the technique and the applications in following listed articles (Weil et al. 1994; Poole 1996; Brustolon and Giamello 2008) .
Samples and methods
Sample Ant1 is a fragment of a blank paper of the fifteenth century, in good conservation state. Sample Ant2 is a fragment of blank paper from the fifteenth century in bad conservation state, already examined in a previous work (Zoleo et al. 2009 ). Artificially degraded samples, doped with different amounts of Fe(III), were prepared starting from ashless Whatman filter paper no. 44, as follows: 12 paper fragments 1 × 1 cm were cut out from a single leaf; they were washed three times, putting them in a beaker with a Na 2 -EDTA solution (10 -1 M, 100 mL) for half an hour each time. Then, the fragments were washed again three times with bi-distilled water (500 mL), in order to remove residual EDTA, and dried in air. This procedure was used to remove any trace of metal ions, since preliminary EPR measurements showed that the pristine Whatman filter paper always contains a small amount of EPR-detectable Fe(III) that is removed after this treatment. Then, the fragments were subdivided in three groups (U, T, O), each group containing four samples. For each group, the samples were soaked with Fe 2 (SO 4 ) 3 water solutions of different Fe(III) concentrations (10 -1 M, 5 × 10
M, 10 -2 M, 5 × 10 -3 M, 100 mL of solution for each sample) and then dried in air.
The first group of samples (U, unchanged) was stored in a freezer (-20°C) until use, while the second group (T, thermal) underwent a thermal treatment (put in oven at 105°C for 8 days) and the third group (O, oxidized) was put in an ozonation chamber for 4 h: the chamber was fed with a constant flux of ozonized oxygen (4 l min
, with an estimated ozone concentration of 15 mg L -1
). A fan, inserted at the bottom of the chamber, allowed for a suitable stirring of the gas in the whole chamber. The ozonized oxygen came from a corona discharge ozonizer A2Z 1GLAB fed with pure dry oxygen. The samples are listed in Table 1 .
The EPR spectra of the artificially degraded samples were recorded on a Bruker ESP300 equipped with a resonant probe head TE102, with 2 mW microwave power, 9.51 GHz microwave frequency and 0.5 mT modulating field amplitude at two different temperatures, 290 K and 200 K. The EPR spectra of the samples Ant1 and Ant2 were recorded with a Bruker ER200 spectrometer equipped with a TE102 probe head at 110 K with 9.43 GHz microwave frequency, 2 mW microwave power and 0.5 mT modulating field amplitude.
Results and discussion
Scheme 1 represents the main EPR signals observed in historic papers. At the top of the scheme, the signal of Fe(III) is shown (trace a). The signal consists of a sharp line at low field (about 150-160 mT), corresponding to a g-factor of around 4.3, and a broad line at centre field, corresponding to a g-factor of around 2.0 (350 mT). The sharp line is due to Fe(III) complexes in an environment far from a perfect octahedral symmetry, which typically occurs with different types of ligands bound to the iron ions. Normally, in oxidized or degraded paper this line can be associated to Fe(III) complexes, where carboxylic and hydroxylic 
groups in the cellulose chains strongly bind the iron ions, forcing the Fe(III) in an environment far from the octahedral symmetry, the so-called rhombic Fe(III) site. The broad line in Scheme 1 is related to pseudo-octahedral Fe(III) complexes. In paper, this line can be associated to hydrated complexes, i.e. complexes where Fe(III) is bound to one or more water molecules or hydroxylic groups, which are small free ligands able to arrange themselves in a quasioctahedral manner (e.g., one OH group from cellulose, whereas the other ligands can be water molecules or other free hydroxylic ions). Generally, the rhombic and the pseudo-octahedral Fe(III) signals are simultaneously observed in the same paper, but their ratio can change from one paper sample to another one. Trace b in Scheme 1 shows the EPR signal of Cu(II), which consists of a pattern of lines due to the hyperfine coupling with the magnetic nucleus of copper. The several lines are therefore related to the same copper species. Copper exists as isotopic mixture of 63 Cu and 65 Cu, both of them with no-zero nuclear spin quantum, i.e. having I = 3/2. However, the two isotopes are usually not distinguishable in conventional EPR, having almost the same hyperfine structure. Therefore, four lines are expected for a species in a single orientation. However, the Cu(II) complexes cover all the orientations in paper, and therefore an envelope is obtained, characterized by four lines "absorption type" at low field and a single broad line "derivative type" at high field. The centre of the quartet is characterized by a g-factor called parallel g-value (gpar), while the high field line is centred at the perpendicular g-value (gperp). The distance between two consecutive lines of the quartet is the parallel hyperfine constant Apar. The parameters gpar and Apar are strongly dependent on the type of coordination around the Cu(II), and it has been shown that the type of copper coordination can be inferred by these values (Peisach and Blumberg 1974) . In historic paper, the EPR signal of Cu(II) is often related to highly deteriorated paper, and two types of signals, labelled as CuA (Apar = 192 × 10 −4 cm −1 , gpar = 2.25) and CuB (Apar = 129 × 10 −4 cm −1 , gpar = 2.31) have been identified (Attanasio et al. 1995a (Attanasio et al. , 1995b . The trace c in Scheme 1 shows the typical sixline pattern of Mn(II), due to the hyperfine coupling with the 55 Mn nucleus (I = 5/2): in this case, g-factor and hyperfine coupling of the Mn(II) complexes are only very slightly dependent on the orientation (much alike the Fe(III) complexes). However, the hyperfine coupling and the line shape of the sextet are very sensitive to the Mn(II) ligands: Mn(II) has been often used as an EPR probe for the species environment and its changes, i.e. phase transitions, and it has been shown that it could be used in a similar way also in historic papers (Bellot-Gurlet et al. 2006) . Finally, single sharp lines in trace d in Scheme 1, with g values around 2.002-2.006, are indicative of radical species. As an example, in Figure 1 the EPR spectrum of a fifteenth century paper, Ant1, is shown: signals of rhombic and pseudo-octahedral Fe(III), the sextet of Mn(II) and a sharp signal due to a radical are visible. In Figure 2 , the EPR spectrum of a fifteenth century paper in bad condition (Ant2) is shown: in this case, no octahedral Fe(III) and Mn(II) signals are present, while rhombic Fe(III) and Cu(II) signals (CuA type) are clearly observed.
The EPR signal of Fe(III) is particularly interesting, both for its role as catalyst of degradation reactions and for the observed correlation between Fe(III) signals and paper degradation: in degraded paper, the rhombic/octahedral ratio increases (Attanasio et al. 1997; Attanasio et al. 1995a; Attanasio et al. 1995b ; Figure 1 : EPR spectrum of sample Ant1. Zoleo et al. 2010) . In order to better investigate this signal, in this work we have collected the EPR spectra of 12 samples of Whatman paper doped with several Fe(III) amounts and artificially degraded with thermal or oxidizing treatments (Table 1) .
In Figure 3 , the EPR spectra of the untreated samples, acquired at room temperature (290 K) and at 200 K are shown. The acquisition at 200 K was performed because in literature most of the EPR spectra of historic papers were acquired at low temperature, in order to enhance the signal-to-noise ratio of the EPR. As it will be shown, spectra at 290 K and 200 K are pretty different and this evidence provides interesting indications, although it makes evident that only EPR spectra acquired at the same temperature can be reliably compared. A clear, broad line of octahedral Fe(III) is observed in the spectra at 290 K, which is indicative of weak Fe(III) complexes with the matrix and the water contained in it, forming hydrated Fe(III) species. In the spectra of U2-U4 at 290 K, the line shows a profile of the first derivative of a Gaussian curve (Gaussian-shaped), as observed also for octahedral Fe(III) in historic papers. This line becomes increasingly narrow going from U2 to U4. The spectrum of U1 is the superposition of a broad Gaussian-shaped line with a sharper line centred at 290 mT. In the spectra acquired at 200 K (right panel of Figure 3 ), the rhombic Fe(III) signal at low field appears, and the broad Gaussian-shaped line becomes asymmetric.
Spectra of the thermally degraded samples are shown in Figure 4 : the octahedral Fe(III) line is strongly reduced compared to the untreated samples. Quite interestingly, a very narrow line occurs in the sample T1. Again, in the spectra at 200 K the rhombic Fe(III) signal increases compared to the spectra acquired at 290 K. The spectra of the oxidized samples ( Figure 5 ) show a strong and broad, Gaussian-shaped octahedral Fe(III) line at 290 K, which becomes asymmetric at 200 K, where the rhombic Fe(III) signal appears. The comparison of the spectra suggests the following considerations. In all samples, the rhombic Fe(III) signal becomes evident only in the spectra recorded at 200 K. This is relevant, because in literature most of the EPR spectra acquired on historic paper samples were recorded at low temperature, in order to improve the signal-tonoise ratio. It is unlikely that the increasing of the rhombic signal is due to a shift of the chemical equilibrium from hydrated, weakly bound complexes towards complexes strongly bound to cellulose, since also samples that were quickly frozen presented the same features at 200 K. More likely, the change in the EPR profile is due to spin relaxation processes: increasing temperature (from 200 K to 290 K), the conformational dynamics of the Fe(III) complexes raise. For strongly bound Fe(III) complexes which are in the slow motion regime, the increasing of the temperature leads to line broadening, up to its disappearance. This is an indirect confirmation that the rhombic Fe(III) line is related to strongly bound complexes.
In the thermally degraded samples, the octahedral Fe(III) signal strongly decreases compared to the untreated samples. This is in agreement with the idea that this signal is due to Fe(III) complexes, where many ligands are water molecules: water loss due to the thermal treatment induced the disappearing of these complexes towards the likely formation of bulk iron oxides which are almost undetectable, giving rise to very broad EPR lines. Possibly, also the chemical reduction to Fe(II) could contribute to the signal lowering, since Fe(II) is not observed with the EPR at X-Band, i.e., the conventional EPR at 9.5 GHz we use in this work.
For all the samples, the octahedral Fe(III) line becomes narrower with decreasing Fe(III) content, also slightly changing the line shape. This can likely be attributed to a distribution of the weakly bound complexes in a number of more stable sites, with a specific conformation, when Fe(III) is present in lower amount. When increasing the Fe(III) amount, these sites are filled, and less stable sites are occupied, leading to a broader conformation distribution and to a broader line. In spectra recorded at 200 K, the octahedral Fe(III) signal is asymmetric, with the typical shape of a powder distribution. This is particularly evident for the oxidized samples. This result is in agreement with the idea that the signal is related to weakly bound complexes, with fast conformation dynamics: at 290 K, the fast dynamics average the anisotropic parameters (gfactor), leading to a single, symmetric line; at 200 K, the water in the paper is frozen, the conformation dynamics are very slow, and the line becomes asymmetric, i.e. an envelope of complexes in different orientations. In the EPR spectra of historic papers this behaviour cannot be appreciated, normally because the signal is overlapped by other signals, e.g. Cu(II) or Mn(II). The octahedral signal in the ozonized samples ( Figure 5 ) is broader than in the untreated samples: this could be the result of oxidation from Fe(II) to Fe(III). In fact, although we have added Fe(III) ions to the paper, a reduction of Fe(III) to Fe(II) can always occur after addition and it is possible to suppose that part of the Fe(II) ions are turned to Fe(III) during ozonation.
Conclusions
In this preliminary work, Electron Paramagnetic Resonance spectroscopy has been shown as a useful tool to investigate the presence and the evolution of Fe(III) species in paper materials, providing information on the type of Fe(III) species and on the changes they undergo during artificial degradation of the writing support. These results can also shed light on the Fe(III) signals observed in historic papers and provide indications on the existing relationship between Fe(III) complexes and paper aging conditions. La résonance paramagnétique électronique (RPE) est une technique consacrée à l'identification et à la caractérisation d'espèces paramagnétiques, c'est à dire des espèces chimiques avec des électrons non appariés. Les espèces paramagnétiques communes qui peuvent être détectés grâce à l'RPE dans les papiers anciens et modernes sont les ions et radicaux Fe (III), Mn (II), Cu (II), où Fe (III), Cu (II) et les radicaux jouent un rôle significatif dans la dégradation du papier. Plus précisément, l'ion Fe (III) est presque omniprésent dans les papiers anciens. Les auteurs proposent dans cet article un aperçu des signaux RPE obtenus avec des papiers anciens et artificiellement vieillis, et tiennent en particulier à montrer comment une analyse profonde des signaux RPE obtenus à partir de ces papiers pourrait fournir des informations utiles quant à l'origine du papier et des indications uniques sur la dégradation du papier et le niveau d'oxydation.
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